Introduction
Anemia caused by iron deficiency is the most important nutritional problem, affecting mostly the low socio-economic populations of the developing world. The fortification of foods, such as cereals, with iron has been recognized as a worldwide necessity, since a deficiency of this element produces different metabolic disorders. 1 Therefore, the development of methods to measure low concentrations in foods has become of increasing importance.
In order to achieve higher sensitivity and selectivity than those of the traditional optical spectroscopic methods, the use of photothermal (PT) techniques is advantageous. These techniques include a group of high-sensitivity methods 2 based on a photoinduced periodical change in the thermal state of a sample. Light energy which is absorbed and not lost by reemission leads to sample heating, which induces changes in the temperature-dependent sample parameters. The detection of these changes is the basis of the different experimental possibilities.
Among them, open photoacoustic (PA) techniques 3 are especially suitable for spectroscopic studies of strongly absorbing chromofores liquids. Compared to the conventional PA technique, they offer some attractive features. First, the requirement for accommodating the sample in a sealed cell is no longer a process, and manipulation (loading and replacing) of the sample is simple to perform. In addition, the signal remains unaffected by a thermal expansion of the sample. 4, 5 Finally, as long as it exceeds the sample thermaldiffusion length (µs which is the distance at which the amplitude of the PA signal decays to 1/e = 0.368 of its initial value), the thickness of the sample is not relevant, making the technique more practical for quantitative analysis. On the other hand, in conventional optical spectrophotometry, the values of the absorbance normally range between 0.1 and 1. Since the absorbance is proportional to the optical absorption coefficient, the range of detection of this parameter is limited. The opencell PA configurations overcome this restriction due to the fact that the thermal-diffusion length in the sample can be modified by properly choosing the light-modulation frequency. In a recent paper, 6 we reported on a microphone-based open PA cell especially designed for spectroscopic measurements in liquid systems. Its usefullnes was demostrated by the determination of Cr(VI) in water in conjunction with a well-known colorimetric method, among other applications.
The objective of the present work is to apply the abovementioned technique to the determination of total iron in corn meal samples. The determination of this element in food is currently of considerable interest due to its use, when it is added to foods in properly concentrations, to increase the resistance of people to diseases, such as anemia. In the next section we describe the theoretical basis of the proposed method and an specially designed PA cell, which is also suitable for spectroscopic studies of liquid samples. Experimental details concerning our measurement system are also given. The results of measurements performed in calibration samples prepared using a well-established colorimetric procedure are presented, as well as the results of measurements in corn meal samples. They are compared with results obtained by optical spectrophotometry, showing a good agreement.
Experimental Set-up and Method
The proposed experimental set-up is schematically shown in Fig. 1 We report here on the use of the photoacoustic technique for the determination of low concentrations of total iron in corn meal samples. The determination of this element in food is of considerable interest because several foods are currently enriched with it at proper levels in order to increase the resistance of people, after consumation, to several diseases, such as anemia. The proposed technique is based on an open photoacoustic cell configuration in conjunction with a suitable colorimetric method. We applied it to a measurement of the total iron concentration in corn meal samples. The results agree very well with those obtained using a conventional spectrophotometric method, showing the possibilities of new experimental methodologies based on photothermal methods to perform this kind of study, with the advantage of a higher sensitivity and increment of the range of appreciable absorbance. The sample-window system closes one of the 5.5 mm diameter openings of a 3 mm long cylindrical cell cavity. An optically transparent glass closes the other cavity opening. The whole PA cell is made on an acrylic material. The light flux passing through the windows and the PA chamber is absorbed by the liquid sample. Due to the absorption of radiation by the sample, the generated heat diffuses through the glass window into the PA gas chamber, inducing a modulated pressure wave within the PA cell, which is sensed by an electret microphone connected to the cell's air chamber through a 1 mm wide duct located in the cell wall. A lock-in amplifier (SR-850) interfaced with a personal computer is used to measure the microphone response signal.
By applying the Rosencwaig and Gersho model 7 for the generation of the PA signal to the experimental configuration (shown schematically in Fig. 2 ) and assuming that the liquid sample is thermally thick (µs << ls, where ls is the thickness of the sample) for low modulation frequencies (we performed our experiments at a fixed modulation frequency of 6 Hz), the pressure (δ PA) in the PA gas chamber for this configuration can be expressed as follows: 5 (1)
where P0 (T0) is the ambient pressure (temperature), γ is the air specific-heat ratio, I0 is the light intensity, l represents the thickness, α is the thermal diffusivity, σ = (1 + i)/µ, µ = (α/πf) 1/2 and i = (-1) 1/2 . The subindices (g, s and w) represent the gas, sample and glass window regions, respectively.
As can be seen, the PA signal depends on the temperature fluctuation which takes place in the sample within one thermal
diffusion length from the sample-glass window interface. This layer defines the effective length of the experiment. The amplitude of the magnitude given by Eq. (1) can be normalized using black drawing ink as a reference liquid (denoted by r), for which we have the optical saturation case (βµr >> 1). It can be demonstrated that the amplitude of the magnitude, which is found by dividing the actually signal by those due to the black ink sample, is given by 5 (2)
In arriving at Eq. (2) it was assumed that for a glass window the condition exp(-2σwlw) << 1 is valid. The factor 0.98 in the denominator of Eq. (2) is the result of taking into account the actual values of the black ink optical and thermal parameters, as discussed by Helander. 3 Consider, for example, a transparent sample, like water, with low concentrations (C) of another element that leads to a strong absorption at the wavelength used for excitation. As can be seen, for water (αs = 0.00143 cm 2 /s) 8 at a frequency of f = 6 Hz, the thermal-diffusion length becomes µs = 90 µm. As a consequence, only a small amount (a drop) of a sample is necessary to achieve the condition µs < ls, where ls is the sample thickness, i.e., the signal takes information about the whole sample. The presence of low amounts of another element in a sample (in the ppm range, for instance) does not alter the values of its thermal parameters. Therefore, for low concentrations and taking into account the well-known fact that the opticalabsorption coefficient is proportional to the sample's concentration (C), Eq. (2) can be rewritted as (3) where Γ is a proportionality coefficient. Note that in our case the signal is independent of the values of the sample thickness, as shown by Eqs. (1) to (3), in evident contrast with optical spectrophotometry, in which knowledge of the sample thickness, generally on the order of 1 cm or more, is necessary to calculate the sample optical absorption coefficient. As discusssed in the introduction, this is one of the more important advantages of the proposed method with respect to traditional techniques.
In the above equations, the thermal effusivities of the investigated sample and of the reference black ink sample can be determined as described by Delgado-Vasallo and Marín. 4 We obtained εs = (0.154 ± 0.020) × 10 4 W s 1/2 K -1 m -2 and εr = (0.057 ± 0.008) × 10 4 W s 1/2 K -1 m -2 , respectively. The value of the thermal diffusivity of the sample (αs) can be determined using the methodology outlined by Delgado-Vasallo et al. 5 In our particular case of water with low amounts of a dissolved iron complex (see later), one obtains αs = (0.00143 ± 0.00001) cm 2 /s, as given above.
Although the above outlined methodology is useful in cases where the optical characterization of a sample is desirable, i.e. measurements of the optical properties, such as the optical absorption coefficient and the sample's extinction coefficient (described elsewhere 6, 9 ) , in this work the concentration of a solute for an unknown sample will be determined directly from the experimental dependence between the normalized signal and the concentration measured in a calibration set of samples, without the need of an explicit optical absorption calculation.
Results and Discussion
To test the proposed method to measure low concentrations of iron in corn meal samples, a series of calibration standards was prepared using a suitable colorimetric procedure, namely the AACC 40-41A method. 10 All solutions were prepared using analytical reagent-grade chemicals and deionized water. For this purpose, 5 g of corn flour was dry-ashed. The residue was dissolved in 5 ml of concentrated HCl and diluted to 100 ml. An aliquot (10 ml) of this solution was taken for a reaction with a 1 ml hydroxylamine-HCl solution, and 1 ml of ophenanthroline, which forms a complex with the iron present. The absorbance of this solution was measured (at 550 nm) and converted to iron concentration using a calibration curve.
We used in our experiments an excitation wavelength of 488 nm provided by an argon ion laser (Omnichrome 543-MAP), where the samples show strong absorption. Two diaphragms reduced the diameter of the laser beam, so that it could enter (from below) and pass unobstructed through the whole PA cell.
In Fig. 3 , the optically measured absorbance (with a Varian Cary 50 Conc UV-visible Spectrophotometer) at 510 nm is plotted as a function of the sample concentration (C). The full line shows the best linear fit of the data, as predicted by the Lambert-Beer's law. On the other hand, the normalized signal amplitude, as obtained from PA measurements, is represented as a function of C in the Fig. 4 . Here, the solid line represents the best fit of the data to Eq. (3), taking Γ as an adjustable parameter and the literature-reported values for the thermal ones.
After the calibration was performed, the same colorimetric method was applied to a corn meal sample prepared in our laboratory in order to measure its actual total iron concentration. The obtained value for the normalized amplitude of the PA signal was R = 0.005. Taking this value into account, the Fe concentration in a sample of (4.2 ± 0.4) ppm was obtained by interpolation in the graph of Fig. 4 (or using the best fit of the obtained data). A similar result was obtained by optical spectrophotometry using the measured absorbance value of 0.306, as can be seen from the graph of Fig. 3 , showing good agreement between both techniques.
Conclusions
This work demonstrates the usefulness of a novel proposed method, based on the PA effect, for spectroscopic measurements in cereal foods and the determination of the iron content in this kind of sample.
The proposed method is relatively simple and inexpensive when compared with the standard conventional methods. Its high accuracy, demonstrated in this work by a comparison with the well-established optical spectrophotometric technique, may render it as a valuable tool for experimental studies related to the food industry. There is a great need at present in that industry to carefully control the concentrations of several vitamins, compound salts and minerals used for the enrichment of foods. Among them, iron addition to cereals has been recognized as a worldwide necessity, since a deficiency of this element produces different metabolic disorders, such as anemia.
The sensitivity of the proposed technique can also be enhanced for the determination of trace amounts of iron in foods, where its presence is undesirable. For this purpose a light source emitting nearer to the 514 nm absorption maximum would be desirable. The use of a compact laser source, for example a semiconductor laser available on the market at relatively low cost, is an appropriate choice to improve the method and its on-line application in industry. This kind of light source also opens the possibility of constructing a compact device suitable for in-field measurements.
The above-described result represents a new step towards 601 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 demonstrating the possibilities of combining well-established colorimetric methods and the proposed variant of PA spectroscopy to perform sensitive spectroscopic measurements in liquid samples. Although PA spectroscopy renders the same results as optical spectrophotometry, the former offers several advantages, such as its independence of the sample's thickness, which allows measurements over a wider absorbance range.
